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Abstract
Much remains unknown regarding the sedimentary deposits of submarine density
flows. Certain density flows may transition from a more turbulent to a more coherent
flow regime e.g. by a loss of velocity in flows with large concentrations of suspended
sediment. Such transitional flows are produced when turbulence becomes suppressed due
to entrainment of cohesive sediment or from flow deceleration. Argillaceous sandstones
and linked turbidite-debrites are types of submarine sediment deposits in a category
known as hybrid event beds, and are interpreted to be emplaced by transitional regime
flows (Talling, 2007; Davis, 2009; Haughton, 2009; Hodgson, 2009; Baas, 2011; Lee,
2013; and Talling, 2013). Sediment density current experiments have been conducted
in a submerged flume to physically model such transitional flows. Correlations between
the properties of the flows and the properties of the deposit exist and the results allow
us to better understand sediment density currents with deterministic rheology and the
resulting geology.
ii
To my family
iii
Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Field Observations and Interpretations . . . . . . . . . . . . . . . . . . . 2
1.2 Previous Density Flow Experiments . . . . . . . . . . . . . . . . . . . . . 4
1.3 Numerical and Theoretical Considerations . . . . . . . . . . . . . . . . . 6
2 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Flow and Sediment Transport Measurements . . . . . . . . . . . . . . . . 12
2.3 Analysis of Rheology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4 Sediment Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3 Figures for Section Experimental Methods . . . . . . . . . . . . . . . . 19
4 Result of Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2 Transitional Flow Characteristics . . . . . . . . . . . . . . . . . . . . . . 34
4.3 Sediment Transport and Deposition Patterns . . . . . . . . . . . . . . . . 35
5 Figures for Section Results of Experiments . . . . . . . . . . . . . . . . 39
6 Discussion and Direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
7 Figures for Section Discussion and Direction . . . . . . . . . . . . . . . 52
8 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
Appendix A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Appendix B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
iv
1 Introduction
Sediment density flows transport some of the largest volumes of sediment among all
mechanisms on Earth. The flow and sedimentary processes are of interest because much is
left unknown about their properties. A variety of different types of sediment density flows
have been previously defined based on experiments, flow observations, and interpretations
of deposit geology. Such deposits include sediment beds of a particular type called hybrid
event beds (HEBs) that are the focus of this project. Flume experiments conducted on
these types of flows allow us to understand the rheology that determines HEB geology.
The experiments are physical models of events that may not be easily studied directly
in the field; such experiments, even though they may not represent precise models in the
sense of similitude, give insight into the origin and formation of real-world sedimentary
structures.
Properties of transitional-regime density flows, resulting depositional processes,
and corresponding sedimentary structures are the focus in the experiments conducted
for the present project. The experimental setting and methods involved in previous ex-
perimental work on sediment gravity flows were considered and applied to this project
(Postma, 1988; Garcia, 1989; Garcia, 1993; Mohrig, 1998; Marr, 2001; Harbitz, 2003; To-
niolo, 2003; Ilstad, 2004; Lamb, 2004; Toniolo, 2006; Yu, 2006; Sumner, 2008; Baas, 2009;
Sequeiros, 2009; Spinewine, 2009; Sumner, 2009; Sequeiros, 2010; Baas, 2011; Cantelli
2011; Manica, 2012; Cartigny, 2014; Patacci 2015). The results on flow and deposition
obtained for the experiments were analyzed under previously-proposed theoretical flow
and deposition frameworks. Previous sedimentary field observations are considered to
compare experimental results and discuss interpretations. Our ultimate findings will be
used to develop additional capabilities in numerical models of dilute, transitional and
concentrated density currents and resulting deposits.
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1.1 Field Observations and Interpretations
Dilute turbidity currents laden with sand suspension have been found to emplace limited
sheet-like deposits and submarine fans (Xu, 2004). Dilute turbidity currents driven mostly
by mud may often construct leveed channels on submarine fans. The levees of these
channels may consist of mud, but the flows may also carry a significant amount of sand
that composes the channel deposits. The fans emplaced by dilute currents with mud
can extend out hundreds to thousands of kilometers (Pirmez and Imran 2003). Deposits
emplaced by dilute flows with more turbulent rheology include turbidites that may be
mostly sands, but with finer particles like silts or clays and coarser particles like gravel
(Postma, 1988; Yu, 2006; Stevensen, 2014)
Sediment gravity flows with larger concentrations or within a less turbulent flow
regime may deposit more massive turbidites and/or deposits with relatively coarser grains
(Agirrezabala, 1994; Kneller, 2000; Yu, 2006; Kostic, 2007; Sequeiros, 2009; Spinewine,
2009; Cantero, 2011). It has been previously determined that relatively coarser deposits
tend to be emplaced within channels, on relatively steep slopes, and/or proximal to the
sediment source. In many cases, however, coarse grains and clasts may be carried out to
less proximal locations; e.g. the beds found in the Basque-Cantabrian region, west of the
Pyrenees (Agirrezabala et al. 1995). More commonly it has been interpreted that such
grains are carried out by “powerful” turbidity currents, meaning higher velocity flows in
the more turbulent flow regime.
Debris flows are sediment density currents with even greater sediment concentra-
tions. Debris flows have lower turbulence and often contain very fine sediment that may
supports grains orders of magnitude larger. Debris flow deposits are known as debrites
and contain signatures of the flow description such as conglomerates or deposits with
gravel supported in a matrix of clay or silt. There may be many different origins for de-
bris flow i.e. submarine slope failure resulting in a slump. (Winn and Dott, 1977; Lowe,
2000; Sohn. 2000; DeBlasio, 2004; Toniolo, 2004; Lastras, 2005). Of particular interest,
coarse grains and mud clasts may also frequently be found among the sand-mud matrix
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within HEB deposits. (Haughton, 2009; Hodgson, 2009; Davis, 2009; Baas, 2011; Kane,
2012; Talling, 2013; Patacci, 2014; Fonnesu, 2015; Southern, 2015)
HEBs are sediment beds with deposits containing sediment characteristic of both
more cohesive flows and less cohesive flows. An example of a more cohesive flow is a
high-concentration debris flow, where dispersive pressure supports dense volumes of finer
material (clays) that are a signature in a portion of HEB deposits. The less cohesive flows
where turbulence entrains and supports coarser material (sands) leave a different signa-
ture in another portion of the bed. Debris flows may transition downstream to turbidity
currents with turbulence enhancement such decreasing flow concentration. Alternatively,
turbidity currents may transition to cohesive flow with turbulence suppression, perhaps
associated with a loss in flow velocity. In HEBs there is no clear separating bed boundary
between the two deposits, suggesting that the complex structure of HEBs derive from the
same event. (Hampton, 1972; Haughton et al. 2009).
The present report considers a specific type of HEB deposits called argillaceous
sandstones which have been found to be deposited by the previously defined transitional-
regime sediment gravity flows. Argillaceous deposits refer to sandstones or sandy deposits
that contain a range of clay content in the matrix. The clay content in argillaceous
deposits is significant in reducing the amount of pore space and cause a large reduction
in the hydraulic conductivity of the argillaceous sandstones. Although beds with such
properties could be deposited as a result of multiple transport events, it is interpreted
that HEBs are emplaced by single events from flows with rheology in the transitional
regime (Talling, 2007; Davis, 2009; Haughton, 2009; Hodgson, 2009; Baas, 2011; Lee,
2013; and Talling, 2013).
There are known real-world sedimentary structures such as HEBs with origins
and features that are not sufficiently understood. There are multiple examples of Ground
Penetrating Radar (GPR), core samples, and field observations that include HEB deposits
such as argillaceous sandstones. Field examples include HEBs of the Outer Forties Fan,
UK and Karoo Basin, South Africa. GPR and coring has also identified examples of
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HEBs among: the Ulleung basin, Sea of Japan; the Agadir basin, Madeira, Morocco; and
of particular interest the Mississippi main fan including the Wilcox Formation, Gulf of
Mexico (Talling, 2007; Davis, 2009; Haughton, 2009; Hodgson, 2009; Lee, 2013; Terlaky,
2013; Stevenson, 2014; Fonessu, 2015).
The Wilcox Formation in the Gulf of Mexico includes bed types that range from
debrites to turbidites including HEBs. The stratigraphy determined from core samples
and GPR is commonly a general sequence of turbidites overlain by argillaceous and/or
linked deposits, and then debrites. The vertical patterns are interpreted to represent
horizontal bed configurations, but these are superimposed due to lobe progradation over
antecedent deposits. It is speculated that a transition from channelized flow to less
confined lobe-like flows drives the transformation from more laminar to more turbulent
conditions, which leads to the emplacement of a progression of linked turbidite-debrite
deposits (Kane and Ponte`n, 2012). It is common found that HEBs are in the distal
reaches of deep-sea density current systems. It has been proposed that HEB deposits
may also be emplaced in proximity to the sediment flow source. In the present project
we are attempting to study a range of cases of flows leading to HEBs.
1.2 Previous Density Flow Experiments
There has been much research involving physical models and experiments on sediment
density flows that emplace deep-sea deposits. More recent work includes experiments
to explore the rheology of a variety of flow types. Previous categorization of sediment
gravity flows has identified turbidity currents with low-density flows and submarine debris
flows with high-density flows. The rheology, depositional patterns, and corresponding
sedimentary structures of the two distinct types has been previously defined (Mohrig et
al., 1998; Marr et al. 2001; Yu et al. 2006, Talling et al. 2013). There is work that
also includes examples of deposits that are not considered to be emplaced by one type of
flow or the other, but may instead represent the deposit from a transitional flow regime.
The geology of these deposits has been previously explained by certain extensions of the
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concepts of either turbidity currents or debris flows.
Previous density current experiments on either turbidity currents or on subma-
rine debris flows tend to converge toward a common description. Turbidity currents
are predominantly lower-concentration flows carrying and depositing an abundance of
sand-size sediment that are supported mostly by turbulence. Turbidity currents with
higher-concentration or stronger cohesion may emplace coarse-grained (e.g. sand with
gravel) deposits that are more common in debris flows. Debris flows are flows with much
higher concentrations and are composed of, and tend to deposit, silts and clays. Debris
flows may carry much coarser material with support by dispersive pressures, particle
interaction and buoyancy of the matrix.
Alternatively, turbidity currents that are composed completely of dilute suspended
clay and silt will tend to deposit those fines, but at slower rates. There may also be
debris flows with large volumes of mud that deposit no sand or gravel. These often
travel a relatively shorter distance from a source than turbidity current run-out. In other
findings, however, the mud rheology or the effect of hydroplaning can often cause such
currents to run out to as much as 100 km (Mohrig et al., 1998; De Blasio et al. 2004;
Elverhøi, 2005; Issler, 2005). Debris flows containing significant amounts of sand and
sufficient mud matrix to prevent the loss of pore pressure may also allow the flow to
propagate downslope, resulting in similar depositional lengths (Marr et al., 2001; Toniolo
et al. 2004).
There are nevertheless sediment density flows and deposits that may not be easily
defined in terms of previously-described rheology. These flows are within a transitional
regime between debris flows and turbidity currents. Among these are flows that have been
categorized as turbulent, transitional, and quasi-laminar phases based on estimates of the
Reynolds number of the flow (Baas, 2009). Transitional regime flows produce a variety
of deposits with structures and patterns that are not completely defined. Recent work
with experiments and physical models, and in particular those observed in the present
project, help characterize the origin, mechanics and fate of such transitional flows, as well
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as flows that deposit HEBs including linked-debrites or argillaceous sandstone (Sumner
et al. 2009; Baas et al., 2011).
Previous experiments on turbidity currents and debris flows that are either fully
turbulent or fully laminar have not explicitly been reported to emplace deposits with
properties similar to those of HEBs. Instead, transitional-regime sediment flows have
been found in previous experiments to result in deposits that correspond to certain HEBs
(Sumner, 2008; Baas, 2009; Sumner 2009; Baas 2011). These sedimentary structures
found in core samples and field examples have become of particular interest because the
nature of HEBs are not well-understood, and their structure has implications on the
recovery of deep water hydrocarbons. Much still remains to be discovered regarding
transitional flows and sedimentary deposits related to HEBs. This motivated a survey
of literature on the transformation of flow rheology and analysis of the beds and their
evolution, which was conducted prior to the experimental program reported below.
1.3 Numerical and Theoretical Considerations
Experimental parameters are set, measured, or recorded to quantify the properties of the
rheology and geology at various streamwise locations for each run. In reference to previous
experimental work, the dimensionless Reynolds number Re of the flows are computed. Re
is a ratio of inertial force and viscous force, and allows us to better understand turbulence
properties of the flows. Re is defined in Eq. 1 where U is the layer-averaged velocity,
h is the flow thickness, and ρm is the flux-averaged density of the sediment flow. ρm is
determined by Eq. 2 where the parameter C is the flux-averaged volumetric concentration
of sediment in the current, u is the velocity at x distance from the bed, c is the sediment
concentration at x distance from the bed, and µm is the dynamic viscosity of the fluid.
µm is increased above the standard range of values for pure water by e.g. the presence of
suspended kaolin clay. µm may be approximated in Eq. 3 as the formulation for kaolin
mixture flows from Baas (2009) and C may be found with Eq. 4 .
Another important parameter to consider is the flow Richardson number Ri as in
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Eq. 5. Ri is a dimensionless ratio of buoyant force to inertial force of the current. Ri
is also commonly expressed as the densimetric Froude number Frd as defined in Eq. 6
corresponding to the square-root of the inverse of Ri, where R is the submerged specific
gravity of the sediment in the current mixture, g is the acceleration of gravity assumed to
be constant at 9.81m/s2, and θ is the slope angle of the bed. The results are dimensionless
parameters where Ri helps to determine the scale of mixing and Re helps to determine
the state of turbulence of the sediment density flows.
One main factor considered for the characterization of the sediment beds is the
relative content of fines, i.e. material in the silt-clay range. Deposits with significant
content of fine grains are particularly relevant for the type of HEB with argillaceous
deposits. In the experiments that we have conducted in a scaled setting, the sediment size
that may correspond to mud sizes in the flume deposits is different from those in natural,
field scale deposits. A particle fall velocity scale was conducted for scaling including the
grain sizes D to determine argillaceous content. Fall velocity vs is calculated in m/s from
Eq. 7 where Rf is the dimensionless fall velocity using the formulation of Eq. 8 from
Dietrich in 1982; the coefficients b1...b5 are defined in Table 1, and Rep is the particle
Reynolds number defined in Eq. 9 with υ as the kinematic viscosity of water.
Table 1: Coefficients of b1...b5 for Eq. 8.
b1 2.891394
b2 0.95296
b3 0.056835
b4 0.002892
b5 0.000245
The word ‘argillaceous’ refers to rocks or sediment containing clay mineral clay-
size grains. The grain size that we may consider in the field-scale to be argillaceous may
be in excess of the definition of 2 microns which was used to define the clay size range,
and indeed may range up to 10 microns in the case of kaolinite. According to the fall
velocity scaling that is used in analysis of the experiments, sediment with an equivalent
spherical diameter 11.2 microns is taken to be argillaceous. Therefore any grain size Da
≤ 11.2 µ m, or smaller is used in the quantification of the fraction content in a sample
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that is argillaceous. The argillaceous fraction content Ac is computed as follows. The
sediment is divided into M size ranges, each with characteristic size Di and mass content
fraction fi, i = 1..M , defined as in Eq. 10. One of these ranges, i.e. the range i = m is
chosen such that its upper bound has size Da. The fraction content that is argillaceous
Ac is then given as in Eq. 11.
Re =
Uhρm
µm
(1)
ρm = ρsC + ρw(1− C) (2)
µm = 0.0001 + 0.206C
1.68 (3)
C =
∫ h
0
uc dx
U
(4)
Ri =
RgCh
U2
(5)
Frd = Ri
−1/2 (6)
vs = Rf
√
RgD (7)
Rf = e
−b1+b2ln(Rep)−b3[ln(Rep)]−b4[ln(Rep)]3+b5[ln(Rep)]4 (8)
Rep =
D
√
gRD
υ
(9)
M∑
i=1
fi = 1 (10)
Ac =
m∑
i=1
fi (11)
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2 Experimental Methods
A series of exploratory and main-set experiments were conducted in order to reproduce
argillaceous sand HEBs in a scaled physical model. The flows in the experiments were
run in a flume and sloping ramp with capability to convey and measure sediment-driven
underflows. A total of 43 runs were conducted. Among these we apply 154 sets of
measurements from the main experiments which all include measurements of flow velocity,
flow concentration, depositional record and bed evolution. The measurements are used
to determine if the results are consistent with HEBs of interest that have been described
in the field. A detailed flow analysis and depositional record was completed during each
run. The results are applied to interpret the origin, fate and scale of real-world scale
HEB settings.
2.1 Experimental Setup
The experiments were conducted in the density current tank of Ven Te Chow Hydrosys-
tems Laboratory (VTCHL) at the University of Illinois. The density current tank is first
filled with freshwater as shown in Figure 1. The study area of the tank is 15m in length,
0.45m in width, 1.4m in depth, and contains a flume platform with sloping ramps with
the capability to convey and measure a variety of density flows. Slurries of water and
sediment are pumped into the flume with the use of a diaphragm pump from a nearby
mixing vessel with 4.5m3 capacity as in Figure 2. The inlet on the upstream end of the
tank consists of a 0.0381m diameter hose leading to a T-shaped diffuser as in the dia-
gram in Figure 3 from Sequeiros (2009). The diffuser allows the slurries to flow uniformly
across the width of the flume. The input flow rate was measured by a magnetic flow
meter; discharges to 20L/s of the slurries could be measured with ± 0.005L/s precision.
Sections along the length of the tank were labeled according to a specific con-
vention for organization. The six sections are labeled respectively from upstream to
downstream as alpha, beta, gamma, delta, epsilon, and zeta (Roman rendition of the
9
first six letters of the Greek alphabet) as in Figure 1. The flume bed was built for the
first set of experiments to allow for sloping surface and slope-breaks as shown in 3D
drawing of Figure 4 and the photograph of Figure 5. The bed was composed of three
panels each 2.44 m in length that span the width of the tank. The panels were suspended
by stainless steel wire to be held in place yet be easily adjusted to variable heights. The
slopes were adjusted from 3◦ - 10◦ for the upstream panel in section alpha, the center
panel in section beta from 0◦ - 3◦, and again 3◦ - 10◦ for the downstream panel in section
gamma (Figure 4). The configuration there again breaks slope to the horizontal bottom
of the tank spanning the remainder of the length of the tank in sections delta, epsilon,
and zeta (Figure 1). The slope breaks were designed to create conditions for changing
flow regimes that might be conducive to create sediment flows in the transitional regime
and the emplacement of HEBs.
The initial bed slope of 5◦ shown in Figure 5 was low enough that the sediment
in the flow deposited out passively. After the first few experiments, however, proximal
deposition caused the bed slope to steepen to the point at which the flow could carry
sediment significantly farther downstream. The flow continued to steepen in subsequent
runs to the point that it became unacceptably high from the point of view of measurement.
Sediment mixing into the ambient water causes murkiness, and thus problems for visibility
and instrument use. Although flow deposits can be stacked one atop the other, at some
point it is necessary to drain the tank and excavate the deposit after all flow, deposit,
and bed geometry measurements are conducted. After one set of experiments and tank
draining the seal between the tank and the flume failed, and repairs were necessary.
It was determined by trial and error that a series of slope breaks were not necessary
to create acceleration and deceleration conditions consistent with transitional regime
flows. Suspending the flume panels was also problematic. Therefore a new design was
installed which consists of a single 4.87m length sloping region followed by a break to
a 7.62m length horizontal region, as shown in Figure 6. A wider damping tank farther
downstream, which is visible in Figure 1, allows the dense slurries to be bottom-drained
while adding makeup freshwater at the surface. This procedure suppresses the pollution
10
of ambient tank water by sediment-laden water from the underflow. The setup was
sufficient for running multiple experiments and is the final setup ultimately used in all of
the runs providing data for the project.
The sediments used in the experiments are various mixtures of a commercially
available kaolin clay called Edgar Plastic Kaolin (EPK) and a commercially available sil-
ica flour called Sil-Co-Sil 250. The kaolin serves as a surrogate for cohesive muds, and the
silica serves as a surrogate for non-cohesive fine-sand or gravel. The material properties
of the kaolin are shown in Figure 7 and the grain-size distribution (GSD) of the kaolin
is given in Figure 8. The material properties of the silica are shown in Figure 9 and the
GSD is given in Figure 10. The GSDs of both materials were determined using a com-
mercial particle sizer (Malvern Mastersizer 3000E). The Mastersizer allows for ultrasonic
dispersion for breaking up flocs and aggregates to their constituent particles; more details
about the Mastersizer is described in greater detail below. Ultrasonic dispersion was not
used in determining the GSDs of Figure 8 and Figure 10.
The variable input parameters used to adjust flow conditions throughout the ex-
periments were the volumes of kaolin, silica, and fresh water combined into the mixing
tank. The variable mixtures create the slurries that were run in the experiments which
result in a wide range of the different categories of sediment density flows. Table 2
summarizes the input parameters for the variable mixtures in all of the experiments con-
ducted. The experimental sets include 1%, 3%, 5%, 10% and 20% total concentration all
run for mixtures with volume percentages of 30% silica and 70% kaolin, 40% silica and
60% kaolin, 50% silica and 50% kaolin, then 70% silica and 30% kaolin. It is important
to note that the 1% and 20% total concentration runs were not done for all combinations
of the mixtures because of redundancy. Other input parameter variables could be impor-
tant, yet the range of the sediment density flows have flow results that span across the
transitional regime by solely adjusting the input sediment concentration.
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Table 2: Table of the main set of experiments. Runs with various total sediment concen-
trations (vertical) and their different sediment types (horizontal) may be found with the
identity of the experiments conducted (Run IDs).
Percentages 1% 2% 5% 10% 20%
Pure kaolin - Bound 5 Pulse 3 Pulse 4 Bound 1
30 sil 70 kao Main 10 Main 1 Pulse 1 Main 12 Bound 4
40 sil 60 kao Show 1 Show 2 Main 9 Main 8 -
50 sil 50 kao Main 4 Main 3 Main 2 Explore 2 Explore 1
70 sil 30 kao - Main 7 Main 6 Main 5 -
Pure silica Pulse 2 Main 11 Bound 3 Bound 2 -
2.2 Flow and Sediment Transport Measurements
Flow velocities within the sediment density currents were obtained with the use of an
Ultrasonic Velocity Profiler (UVP). The UVP transmits packets of ultrasonic frequen-
cies from a transceiver directed at some set angle along downward-normal profiles. The
packets ping into a flow and some of the signal reflects back into the transceiver. The
transceiver also is a transducer which applies the Doppler shift principle where the sent
and received packets become resolved for flow velocity at discrete points along the profiles.
The information then compensates for the angle of approach to result as instantaneous
velocity measurements relative to a fixed bed at the points along the vertical profile.
Some examples of the resulting velocity profiles collected are displayed in Figure 11 -
Figure 14. In the experiments, up to two transducers are used simultaneously and are
easily moved to a variety of locations throughout the time of each run.
Sample volumes of the flow were collected in-situ from within the density currents
at various times and locations during the flow runs. The samples were extracted with the
use of rods placed in the flume that had siphon tubes attached at fixed distances along the
vertical. The samples were then measured for sediment concentration to obtain sediment
concentration profiles of the flow in a method described below. Immediately following
each completed run, deposit samples on the bed were also collected from locations along
the length of the flume. A scoop with a long handle and spring-loaded gate was used
to carefully extract only the most recent deposit. The bed samples were extracted to
conduct sediment analyses in order to determine grain type and to obtain GSDs. The
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techniques used in the sediment analysis is also described in more detail below.
The technique to determine concentration profiles at each location, in-situ sam-
ple volumes were extracted from elevations within the flow corresponding with the ver-
tical profiles where velocity measurements were taken. Siphon rakes, composed of rods
mounted with slides and fixed siphon tubes, were built to sample at different locations and
at appropriate times during each run. Each siphon rake consists of four tubes set 10cm
apart, with the bottom-most siphon commonly set at 1cm from the bed. All siphoned
samples were collected separately in small containers for the concentration and grain-size
analyses discussed in the methods section below. Example profiles of the upward-normal
sediment concentration variation within a density flow are displayed in Figure 15 and Fig-
ure 16. Figure 16 corresponds to section beta, upstream of the slope break, and Figure
15 corresponds to section epsilon, downstream of the slope break (Figure 1).
The bed deposit samples were collected immediately after each run to sample the
deposits without getting the cap of very fine-grain material that settles out from sediment
that slowly comes out of suspension in the ambient water. The bed samples were extracted
with the use of a manually operated scoop that reaches to the bed with a long arm and
collects the material. A mechanical lever is pulled so as to cap the scoop, ensuring that
the collected sample can be brought to the water surface and bottled without being lost in
the ambient water. Suction through siphons was additionally used to collect bed samples.
Bed samples at many locations along the bed were collected for sediment property and
grain-size analysis with the methods described below in the sediment analysis section.
The evolution of the bed and the deposit geometry was recorded through pho-
tography. A set of cameras were positioned during each run to video-record the flow
and bed evolution. Photographs of the deposits along streamwise sections of the flume
were captured with a transparent grid for scale taped to one glass sidewall. The photos
were applied to determine deposit thickness, bedform structures, layering patterns and
composition features. The features such as kaolin content and settling caps may be iden-
tified from color and shading as discussed below. Videos and photographs as described
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in Appednix C may be found in a supplemental file with the folder name “Video-Photo”.
Deposit features were additionally analyzed after each set of runs when the tank was
drained. After draining, the bed again was excavated for samples. Full sediment analy-
ses, as described in the sediment analysis section, were conducted as to compare to the
in-situ samples taken immediately after the end of the run.
Some assumptions were made for the measurements of both the velocities and
the samples of sediment-laden water obtained from the flow. These include the concept
that the flow was fully developed by the time the measurements were conducted. This
assumption is partly justified by the fact that we allowed some amount of time to pass
after the initial head passed; thus the current was allowed to reach its quasi-steady state
with time. Another assumption is that the flow at each point was not being influenced by
its own backwater reflection from downstream. The reflection of the current may indeed
influence some of the measurements, especially in the downstream locations. However,
using layer averaged and flux averaged values, as is procedure described in the analysis
section, may help mitigate any inaccuracy from the backwater reflections.
One important assumption is that the flow was indeed quasi-steady during the
time all measurements were collected and all samples were extracted from the flow. The
diaphragm pump used to feed the slurries into the tank creates a dampened pulsing
action of the flow, however, it is assumed that the pulses are consistent and steady
enough that the measurements collect the representative values of the flow over time. It
is also important to note that there is some inherent error in the instruments used to
collect measurements and data. More information on the uncertainty of measurements
and results may be found in the following sections.
The instruments for either collecting or analyzing data have some known uncer-
tainty to them. The UVP velocities are assumed to be the true velocities plus or minus the
described precision of the instrument since there are no other methods accurate enough
to compare the results to. Similarly, grain size analysis was performed with an instrument
that is assumed give be the true values because any other method to compare does not
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come close to the accuracy and precision of the instrument. The recorded geometry of the
flow and the deposits are only as precise as the scale used to measure them, which is plus
or minus 0.05cm. The accuracy however is only as good as the ability of the individual
recording. It is important to note that in all steps of the experiments, human error may
be the main cause for inaccuracy or uncertainty.
In the experimental results perhaps the greatest source adding uncertainty is the
human error in collecting bed samples for sediment grain-size and grain-type analyses.
The scoop was relatively clunky to operate especially when sampling the thinner deposits.
For some samples perhaps sediment deposited from previous runs were collected along
with sediment of the antecedent run. For some other samples perhaps ambient water
containing suspended sediment was collected along with the bed sample. In either case the
analysis would perhaps include grains not representative of the bed deposit for that run.
The grain-type and grain-size are very important measurements to have low error values
of because their properties are directly used in the experiment results. The examples
determined by such measurements are argillaceous content Ac as in Eq. 11 and kaolin
content Kc as in Eq. 12 where Vk is volume of kaolin grains and Vc is volume of silica
grains.
Kc =
Vk
Vk + Vc
× 100% (12)
2.3 Analysis of Rheology
The UVP writes flow velocity data from each measurement into files for later access. The
results of the UVP are of a specific format which include raw values of time, velocity,
distance, and various other parameters. A code written in MATLAB by Pedocchi et. al
in 2006 as in the Annex file under Appendix A organizes the UVP data and applies a
function that determines the velocity for each time of each point along the vertical profile
for that measurement. The function takes into account parameters set at the beginning of
the measurement. The parameters include transmitted/received ultrasound properties,
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ambient fluid properties, and angle of the measurement. The function organizes the
resolved data which results in a matrix of velocities with distance (mm) from probe on
one axis and time (ms) on the other axis.
A simple script then averages the velocities for each distance over any amount of
time in the measurement. The result is automatically plotted as a representative velocity
profile for that location and measurement period, as shown in Figure 17. Each velocity
profile may then be averaged from the bed to the top of the flow thickness to resolve the
layer averaged velocity U. It is important to note that velocities at points near the top of
the flow thickness were often negative due to back-currents caused by the density flows
themselves. The backflow causes and increase in the relative velocity when considering a
Lagrangian field with the flow. This relative velocity that the flow feels has an effect on
mixing and inertial actions which may need to be compensated for when considering the
influence of velocity on parameters such as the Reynolds number.
2.4 Sediment Analysis
During the first runs an instrument by Sequoia called the Laser In-Situ Scattering and
Transmissometer (LISST), in particular the LISST-Settling Tube (LISST-ST) product
was used to determine the GSDs of the first samples collected. The instrument is a large
torpedo shaped object containing an optical cell for sample volumes to pass through when
sampling in open water. The particular model is modified to attach a settling tube onto
the optical cell to conduct measurements in the laboratory as opposed to in the field.
Laser light beams are sent through the optical cell containing a volume of the sample.
The beams are diffracted off of grains at various angles depending on particle size. The
scattered light is then detected by a series of 32 photovoltaic rings, and the various light
intensity found in each ring is used by the LISST computer software to determine the
relative quantity of grains in each size range.
The process for running through the LISST is as follows. The collected sample
bottles were shaken up to be well-mixed. The measurement cell in the LISST requires
16
about 100mL of a solution that is not more concentrated than about 75 µL/L or else it
gives erroneous results. The concentration limit also depends on factors such as particle
sizes, particle density, beam path length, and beam attenuation coefficient. To reach
within the range of appropriate concentration, each sample was diluted with some known
volume of deionized water. The diluted samples were then poured into the optical cell of
the LISST to run one at a time. The LISST software, as shown in Figure 18, operates
on a connected PC that determines and displays the sediment data such as GSDs.
The LISST uses the detected grains to find the concentration of grains in each size
bin relative to the entire sample. The distribution of the concentrations in each bin then
forms the GSD results that the program displays. The bin concentrations were all be
summed together over the entire size range to get the concentration of the dilution that
was input into the optical cell. The dilution concentration was then extrapolated across
the added volume of deionized water in order to resolve for a representative concentration
of each sample. However, the LISST does not give consistent values for total sediment
concentration in comparison with a weighing method discussed later. Yet the LISST
results have been applied in such manner in the past to obtain GSDs of sediment density
currents (Pedocchi et al, 2006).
Weighing the samples was also used to determine sediment concentrations. The
weight of foil measuring dishes were recorded then some amount of the each sample was
poured into the dishes. The total weight of each sample plus dish was then recorded.
The water of all samples was then evaporated off in a laboratory dehydrator leaving
each dish with only the sediment that was in suspension. The samples with dishes were
then weighed and recorded again. The weight of the dishes are subtracted both off of
the initial total weight (with H2O) and the final total weight (dehydrated). The water
volume Vw then is equal to the total sample minus the baked sample per 1g/cm
3. The
sediment volume Vs then is equal to the dehydrated sample minus the dish weight per
sediment density of 2.65g/cm3. The formula in Eq. 13 is then used to calculate the
percent concentration by volume. One problem with this method is that there are three
occasions when mass is measured in the process; thus more chance for human error on
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top of the inherent errors in the measurement.
The laboratory acquired a new instrument for particle sizing after the first few ex-
perimental runs had been conducted. The instrument is the Mastersizer 3000E (MS3000E)
by Malvern, which applies a technique similar to the LISST, but with more precision,
range, accuracy and efficiency. First the collected samples were added to an included
mixer containing freshwater that is feeds into the instrument. The mixer makes the
dilution homogeneous and delivers volumes into a laser cell of the instrument. Similar
to the LISST, laser light is transmitted and diffracted into bins. The results are stored
into a connected PC with a user interface for analyzing multiple consecutive samples
and outputs with the raw particle size data, automatic GSD plots, estimated volumetric
sediment concentration and various other properties. A screen-capture image illustrating
the output of this device is given in Figure 19.
The grain-size results of the MS3000E were compared to those of the LISST and
those of known control standard samples. The results of the MS3000E were far more
accurate and precise when compared to the standards, therefore the grain-size results
for all of the samples are taken from the MS3000E. More specifically, samples initially
analyzed with the LISST were also re-analyzed with the MS3000E. The concentration
results of the MS3000E were compared to concentration results of the weighing method
and to those of control standard samples. The concentration results of the MS3000E
compared well to the control standards and to the weighing method. Due to the pace at
which concentrations can be measured, all concentration results reported here were taken
from the MS3000E, with the use of the weighing method retained a secondary comparison
for some samples.
C% =
Vs
Vs + Vw
× 100% (13)
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3 Figures for Section Experimental Methods
This section includes only the figures that are referenced in Section 2 ‘Experimental Meth-
ods’. Other figures may be found in separate sections following the sections in which they
are referenced.
Figure 1: Photograph of the Garcia Density Current Tank at Hydrosystems Laboratory,
University of Illinois, used in the experiments. View is from upstream to downstream
progressing from left to right and section labeling convention used in Greek letters from
α− ζ. A large damping tank can be seen at the downstream end.
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Figure 2: Mixing tank with propeller, pump setup, and piping used for creating and
delivering the sediment slurries.
20
Figure 3: Diagram of input mechanism and slurry diffuser for the experiments; originally
from Sequeiros et al. (2009).
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Figure 7: Manufacturer‘s list of sediment properties for the Edgar Plastic Kaolin kaolin
clay used as a mud surrogate in the experiments.
Figure 8: Grain-size distribution of the raw EPK kaolin clay sediment as determined from
the Mastersizer 3000E particle sizer, without the use of ultrasonic dispersion.
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Figure 9: Manufacturer‘s list of sediment properties for the Sil-Co-Sil 250 used as a sand
surrogate in the experiments.
Figure 10: Grain-size distribution of the raw Sil-Co-Sil sediment as determined from the
Mastersizer 3000E particle sizer, without the use of ultrasonic dispersion.
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Figure 11: Velocity profile obtained from UVP measurements in section beta (see Figure
1) of run Main 7 with a relatively dilute total sediment concentration of 3% by volume.
The profile was collected on the sloped end of the tank and is presented here at the same
scale as Figure 12.
Figure 12: Velocity profile obtained from UVP measurements in section epsilon (see
Figure 1) of run Main 7 with a relatively dilute total sediment concentration of 3% by
volume. The profile was collected on the horizontal end of the tank, and is presented
here the same scale as that of Figure 11.
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Figure 13: Velocity profile obtained from UVP measurements in section beta (See Figure
1) of run Bound 1 with a relatively high-concentration of total sediment of 20% by volume.
The profile was collected on the sloped end of the tank and is presented here at the same
scale as that of Figure 14.
Figure 14: Velocity profile obtained from UVP measurements in section epsilon (Figure 1)
of run Bound 1 with a relatively high-concentration of total sediment of 20% by volume.
The profile was collected on the horizontal end of the tank and is presented here at the
same scale as that of Figure 13.
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Figure 15: Example of an upward-normal sediment concentration profile of a transitional
flow from run Main 9. The profile represents the volumetric sediment concentrations
collected in section epsilon which is downstream of the slope break in the tank.
Figure 16: Example of an upward-normal sediment concentration profile of a transitional
flow from run Main 9. The profile represents the volumetric sediment concentrations
collected in section beta which is on the slope of the tank.
29
Figure 17: Example of velocity profile during run Main 1 in section beta obtained by the
UVP. A diagram for overlain on the profile labels the location of the bed, backflow, and
layer averaged velocity.
Figure 18: Screen capture image from the PC software for the LISST showing the user
interface and an example grain-size distribution in the left plot and cumulative size dis-
tribution in the right.
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4 Result of Experiments
The experiments conducted have been composed of flows in the transitional regime be-
tween turbidity currents and submarine debris flow, using criteria suggested in previous
literature. The first few experiments had limit measurements because they were ex-
ploratory runs where parameters were adjusted until the flows were determined to be
with the transitional regime. For the adjustments the initial slope and slurry input pa-
rameters such as discharge were increased in increments. A slope of about 7◦ and input
slurry flow rate of about 1.0L/s achieve flow results in the transitional regime flows for
the flume. As previously stated the transitional regime was determined by the range
of Reynolds number found by Baas in 2009. After the first exploratory runs, measure-
ments of the bed were included to determine that the runs resulted in deposits that
were consistent with HEBs. After the exploratory runs it was ensured that flow velocity,
concentration, and bed measurements were recorded for all experiments including those
where deposits of HEBs were obtained.
A total of 43 experiments have been conducted. In each of the runs at least two
sections of the flume upstream of the slope break as well as at least two sections down-
stream have measurements of all of the following: flow geometry, flow velocities, sediment
concentrations of the flow, sediment GSDs in the flow, bed geometry, bed evolution, and
bed sample GSDs. 14 of the runs were conducted in a smaller scale flume that was used
to collect the exploratory results during an early period when the main density current
tank was undergoing repairs and pump renovations. The main set of experiments have
been focused on argillaceous-type HEBs, i.e. those emplacing a mixture of grain sizes
and/or a mixture of silica and kaolin, so as to quantify the flow characteristics and de-
posits that are associated with various content fractions of fine-grain sediment. The flow
measurements of profiles upstream, above, and downstream of such deposits also allow
us to determine the flow conditions that emplace HEBs.
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4.1 Data
All of the data from measurements in the experiments are organized in the table included
in Appendix B. The ‘Run ID’ column lists the name given to each experimental run;
these are used to organize the runs. The column ‘UVPfile’ indicates the name given to
each measurement file from the UVP during each run. The ‘Location’ column identifies
where along the flume the corresponding measurements were taken. The ‘H (cm)’ column
gives the thickness of the resulting deposit from that run in centimeters. The ‘L (cm)’
column gives the location of the measurements as a distance from the inlet diffuser at
the upstream end. The ‘Kaolin%’ column gives the found percent of the total grains that
is kaolin grains as specified in Eq. 12. The ‘AC%’ columns give the relative percentage
of fine grains as specified in Eq. 11 found within the corresponding deposit. The ‘U
(m/s)’ column are the results of the layer-averaged velocity for each location in meters
per second. The ‘C (m3/m3)’ column are the results of the flux-averaged volumetric
concentration found for the flow at each location. The ‘Co (m
3/m3)’ column are the
volumetric concentration of the inflow for each run. Lastly, the ‘Re #’ and ‘Fr #’ column
respectively are the resulting Reynolds number and densimetric Froude number for the
density currents as computed from Eq. 1 and Eq. 6, respectively.
Many of the experiments were conducted over antecedent deposits to determine
bed evolution and morphology, with the exception of runs where the Run IDs are marked
with an asterisk, e.g. ‘*Main1’ in the Appendix B. The asterisk specifies which of the runs
were conducted over the bare bottom of the flume. It is important to note that the runs
were conducted in a specific order. In each experiment where the bed was not cleared,
runs with the greatest total sediment concentration input were run prior to others. Runs
with greater input concentrations of silica also had priority. This was because the runs
with higher sediment concentration may rework antecedent deposits more readily. The
generally finer deposits of the kaolin also may become re-entrained more easily which is
why the runs with more silica were usually conducted first. There were some exploratory
runs where the bed was allowed to become reworked and measurements were taken.
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4.2 Transitional Flow Characteristics
The experiments conducted to date cover a range of flow regimes, but with emphasis
on those flows in the transitional regime as suggested in previous work. The exper-
iments included transitional flows which range from turbulence-enhanced transitional
flow (TETF), lower transitional plug flow (LTPF), upper transitional plug flow (UTPF),
and quasi-laminar plug flow (QLPF) as defined by Baas et al. (2011). A continuation of
the experiments is suggested to cover a range of flows expected to have turbulence both
further increased, and more suppressed; this may involve adjusting inflow rate as well as
input concentrations as discussed later.
A short clip of a video recorded during one of the runs with a transitional regime
flow is presented in the Annex file under Video 1. The video may help illustrate how
a transitional regime flows appears and evolves. From the clip it may be seen that the
density current in the video shows a fairly sharp lutocline, suggesting that the flow is
not fully turbulent there. On closer inspection there is some mixing at the interface of
the flow and the ambient water, though suppressed, which implies that the flow is not
quasi-laminar either, but may be within a transitional regime for turbulence. Analysis
of the Reynolds number using Eq. 1 from the data corresponding to the flow in the
video confirms that the flow is indeed in the LTPF regime. The video also illustrates one
location where measurements of both velocity and concentration were being collected for
such analysis. Another example of such measurement area may be seen in the labeled
photograph in Figure 20.
Dimensionless parameters were computed with the measured flow properties. Di-
mensionless numbers help to compare the rheological results with the results of other
experiments in laboratory physical models that pertain to sediment density currents.
The particular dimensionless numbers of interest are the previously described Reynolds
number for turbulence from Eq. 1 and the Richardson number characterizing mixing
from Eq. 5. Dimensionless parameters are of interest because they may be applied to
any scale or experimental setup, and thus allow comparison with other related experi-
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ments. For the comparison, the data from our results is plotted together with those in
the experiments of Baas et al. (2011) in Figure 21. The figure shows a phase diagram
experimental results that emplaced HEBs with Re on the vertical axis and Frd on the
horizontal axis.
As displayed in Figure 21, the results of Baas et al. (2011) are presented as the
colored data points. They serve to designate the spectrum from turbulent flow on the
top through transitional regimes to quasi-laminar flow on the bottom. The data points
plotted in black diamonds are the results from the current project. Another addition is the
straight purple line on the bottom left corner which represents the boundary where kaolin
deposits out completely. Figure 21 is only intended to serve as a guideline to show the runs
conducted are along the range of flows found to be transitional regime sediment density
currents. Looking toward the future more experiments could be conducted to compliment
the results of the previous runs with parameters that further increase and/or further
reduce turbulence in order to better understand how transitional flows with relatively
higher or lower Re influence their corresponding sedimentary patterns for comparison.
4.3 Sediment Transport and Deposition Patterns
When running experimental sediment density currents within the transitional flow regime
it was determined that the deposits indeed had signatures of the types of HEBs. The
sediment bed deposits were sampled and analyzed in order to be identified as HEBs or
any other depositional structure of interest. For all of the runs the MS3000E sediment
analysis resulted in GSDs with coarser tails for deposits near the diffuser and GSDs with
finer tails further downstream in general. The pattern may be due to preferential settling
of courser grains. Much coarser sands were often found within alpha, the upstream most
section, which may be due to grains that settle out in proximity to the jet caused by
the input diffuser dissipates. The downstream fining result tends to be especially rapid
downstream of the slope break where fines show up in the sediment GSDs in relatively
more abundance.
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Quantities of argillaceous content Ac as in Eq. 11 as well as the relative content of
kaolin and silica was determined for multiple streamwise locations in the various runs. The
results include a spectrum of deposits that may be considered surrogates for cleaner sand
to argillaceous sands to debrite. Many runs had locations with bed sample measurements,
e.g. the GSDs in Figure 22 - Figure 24, showing the sediment in the deposits having
significant volumes of fines which may reference beds considered significantly argillaceous
when comparing to deposits in the field. Bed sample measurements in other locations
or in other runs, e.g. the GSDs in Figure 25 - Figure 27, the deposits contained mostly
coarser grains which may reference beds considered as cleaner sands when comparing to
deposits in the field. The plots shown are just a few of the hundreds of GSDs results
recorded for bed samples during the runs. With the deposits containing kaolin, the kaolin
grains in the samples tend to form some amount of aggregates or flocs that may act as
larger grains. Such samples had GSD obtained both with the composite grains and their
constituent grains quantified with the use of ultrasonic dispersion as discussed below.
The properties of the sediment source is important in sediment density current
research. Figure 28 is a plot of GSD for the parent material of the silica and the kaolin
overlain. Figure 29 is a GSD plot for an example sediment mixture composed of silica
50% by weight and kaolin 50% by weight. It may be seen that the GSD results have a
more bimodal distribution corresponding to the peak from median kaolin size and peak
from median silica size. A deposit with a GSD having signature of a mode in the kaolin
size range and a mode in the silica size range is evidence that the bed contains the
both the kaolin and the silica. It is imperative to note that the GSD results in Figure
28 and Figure 29 are of samples that underwent ultrasonic dispersion in the MS3000E
instrument. Ultrasonic dispersion is discussed in greater detail below.
The MS3000E has a mode of measurement with pulsing of ultrasonic frequencies.
The frequencies break up aggregates and flocs in a sample in a process referred to as
ultrasonic dispersion. Grain-sizing with the MS3000E is conducted twice; analysis first
without ultrasound and then with ultrasound. A comparison of the GSDs obtained both
with and without ultrasound dispersion shows a shift in GSD as indicated in Figure 30.
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Only the kaolin can form composite particles so the result also allows for an indirect
indication of the fraction of kaolin in the sample. Even deposits with relatively low
volumes of kaolin still showed evidence of aggregates or flocs. It is important to note that
although the composite particles may deposit as coarser grain material like the silica, the
post-depositional nature of the kaolin, such as influence on permeability and reservoir
potential, may be far different from equivalent-sized silica material. This issue deserves
attention in its own right.
It is important to note that the kaolin sediment is brown in color especially in
comparison to the silica which is bright white. Using visual discrimination it may be
seen that the silica and kaolin can indeed deposit together because the deposits emplaced
by the different runs have various shades of brown-to-white depending on the relative
content of kaolin or silica respectively. Deposits with more kaolin (browner coloration)
or more silica (whiter coloration) may be compared in the streamwise profile photograph
of Figure 31 and cross-section photograph of Figure 32. The results of the project relies
on the importance of determining relationships between the rheology and the content of
kaolin relative to the silica and also such relationship between the content of fines Ac (Eq.
11).
Another method used to help quantify the contents of the deposits was a scanning
electron microscope (SEM). The SEM was used in a few cases to count grains in images
such as Figure 33. The grains sizes may be estimated by comparing with the scale included
and an approximation of Ac is determined and compared to the results of Ac from the
MS3000E. The SEM also has x-ray analysis which can be used to discriminate between a
silica particle and a kaolin particle to find Kc (Eq. 12). More specifically, x-ray analysis
can predict the presence of aluminum which is diagnostic of kaolin. The SEM is not used
in most cases because it requires depressurization of the sample, which cannot be done
if the sample has water content. This was particularly a problem for the deposits with
higher kaolin content. The SEM results were primarily used to confirm grain-size and
grain type results that had been determined with the previously described methods. The
results of imaging from the SEM are considered as a standard for the previous methods
37
of sediment type quantification.
Deposits that did not fit the paradigm of an HEB, but which had of interesting
depositional patterns or structures were also noted and studied. For most runs, small
bedforms tend to develop on or near the sloped portion of the flume (i.e. sections alpha
and beta, and the updip half of section gamma in Figure 1). The bedforms may be seen
in plan view as in the bed of Figure 34 and in profile view as in the depositional patterns
seen in Figure 35. It was determined that the relatively high velocities in such locations,
i.e. proximal to the diffuser and slopes, have enough bed shear stress and bedload to
create downstream-migrating bedforms. When running over preceding deposits the flow
may interact with the bed, in particular with bedforms because the bed was only cleared
or reworked in certain runs as specified in Appendix B.
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5 Figures for Section Results of Experiments
This section includes only the figures that are referenced in Section 4 ’Results of Experi-
ments’. Other figures may be found in separate sections following the sections in which
they are referenced.
Figure 20: Photograph of section beta during run Bound 4 when measurements were
being collected. A notarized overlay identifies key items in the photograph. Two plots
below display the resulting velocity profile (left) and resulting sediment concentration
profile (right) of the flow.
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Figure 21: Phase diagram of transitional kaolin silica mixture flow with select experimen-
tal data from Baas et al. (2011) (colored data points) with results of our experiments
(black, diamond-shaped data points). Solid black lines separate flow types designated,
as designated in Baas et al. (2011). Solid purple line identifies the approximate location
where all kaolin is deposited out.
Figure 22: Grain-size distribution of bed material sample after run Pulse 3 in section
delta (see Figure 1). Represents an experiment with deposit results of relatively large
value of Ac. Figure 22 - Figure 27 are all plotted on the same scale.
Figure 23: Grain-size distribution of bed material sample after run Bound 1 in section
epsilon (see Figure 1). Represents an experiment with deposit results of relatively large
value of Ac. Figure 22 - Figure 27 are all plotted on the same scale.
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Figure 24: Grain-size distribution of bed material sample after run Main 1 in section zeta
(see Figure 1). Represents an experiment with deposit results of relatively large value of
Ac. Figure 22 - Figure 27 are all plotted on the same scale.
Figure 25: Grain-size distribution of bed material sample after run Pulse 2 in section
beta (see Figure 1). Represents an experiment with deposit results of relatively large
value of Ac. Figure 22 - Figure 27 are all plotted on the same scale.
Figure 26: Grain-size distribution of bed material sample after run Main 2 in section beta
(see Figure 1). Represents an experiment with deposit results of relatively large value of
Ac. Figure 22 - Figure 27 are all plotted on the same scale.
Figure 27: Grain-size distribution of bed material sample after run Main 3 in section
alpha(see Figure 1). Represents an experiment with deposit results of relatively large
value of Ac. Figure 22 - Figure 27 are all plotted on the same scale.
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Figure 28: GSD of the sediment parent material used in the experiments. Raw kaolin in
green and the raw silica in red.
Figure 29: GSD of a sample composed of 50% kaolin and 50% silica by weight. The
results of the GSD are those taken after the sample underwent ultrasonic dispersion to
breakup aggregates and flocs.
Figure 30: grain-size distributions of a bed sample, the top being before ultrasonic dis-
persion, and the bottom after ultrasonic dispersion. Note the relative increase in content
toward the finer end in the top plot, as compared to the bottom plot.
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Figure 33: Photograph from the Scanning Electron Microscope imaging a mixture of 50%
silica flour and 50% kaolin by weight.
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6 Discussion and Direction
Focus was put on determination of the content of kaolin Kc and content of fines Ac in the
matrix of the resulting deposit. The results for Kc and Ac are numerical properties of
the deposit that were used to explore for relations amongst the multiple flow properties
pertaining to rheology, as hypothesized. When considering the results of all of our runs
with the various input slurry kaolin-silica compositions we find that: Ac is independent
of the Richardson number alone; Ac is independent on the flux-averaged concentration
alone; Ac has almost no dependence on the Reynolds number alone as in Figure 36;
Ac has almost no dependence on the layer-averaged velocity alone; Ac has almost no
dependence on the input sediment concentration alone; Ac has a tendency to increase
with downstream distance; Ac has weak inverse relation to deposit thickness as in Figure
37 which is labelled by runs with different input slurry sediment concentration Co. The
deposit thickness H of Figure 37 is made dimensionless as H∗ in Eq. 14 by dividing it
by the upper limit of the argillaceous grain diameter of Da = 11.2 microns.
H∗ =
H
Da
(14)
Again when considering the results of all of our runs with the various input slurry
kaolin-silica composition: Kc is independent on the Reynolds number alone; Kc is in-
dependent on the Richardson number alone; Kc is independent on the layer-averaged
velocity alone; Kc is independent on the flux-averaged velocity alone; Kc is independent
on the inflow slurry sediment concentration alone; Kc tends to increase with downstream
distance; Kc has some dependence on the kaolin composition of input sediment slurry.
The kaolin composition of the inflow slurry is defined by the concentration of kaolin in
the inflow slurry Ko divided by the inflow slurry total sediment concentration Co and
most of the dependence of Kc on Ko comes from runs where the inflow slurry had no
kaolin and so the deposits also had no kaolin, and also runs where the sediment in the
inflow slurry was solely kaolin, so that the deposits were also completely kaolin.
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There are also connections between the properties of the flows and properties of
the deposits that may not be evident by comparing single factors of the flows and deposits.
There are stronger correlations between the flow properties and deposit properties when
looking at argillaceous content factored with deposit thickness i.e. effective argillaceous
thickness AcH
∗ in Eq. 15. The physical meaning of argillaceous thickness is a dimension-
less height of the argillaceous deposit in grain diameters as taken by the upper bound for
Ac. This parameter may be important when comparing results with field observations
and computer models. As seen in the plots of Figure 38 and Figure 39 argillaceous thick-
ness is dependent on not just concentration, but also the composition of the sediment of
the inflow slurry. From the results seen in Figure 38 there is the trend such that when the
flows have greater flux-averaged sediment concentration C, the resulting deposits have
greater argillaceous thickness. Figure 39 shows that there is positive correlation between
the kaolin composition of the input slurry and the argillaceous thickness of the resulting
deposits. The correlations to these concentration properties do not based on correlations
with Ac or H
∗ alone, but only with their product.
AcH
∗ = Ac ×H∗ (15)
The kaolin concentration in the inflow slurry is deterministic of the argillaceous
content in the deposit. It is useful to inquire how Kc is related to Ac in the deposits. The
plot in Figure 40 is of Ac plotted against Kc; we can see a weak trend such that increased
kaolin in the deposit is also sign of increased argillaceous content. When considering
the results in Figure 39 and the results in Figure 40, it may be inferred that flows with
greater concentrations of kaolin have the grains considered to argillaceous based on their
size deposit out even if they are in fact silica. We suggest that the deposit becomes more
argillaceous simply because the flows have such large sediment concentrations that the
finer grains get forced out of suspension. There is work that suggests the same effect of
fine sediment coming out of suspension onto bed deposits that occurs in open channel
settings such as the Yellow River of China (Ma, 2016).
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It is important to state that the numerical results of the trends found in corre-
lating the flow properties to the deposit properties should not be taken as definite. The
expressions relating the relevant terms are more numerical guidelines to show overall
trends in the results. The results as shown above have both a known and an unknown
range of uncertainty. The uncertainty is due to the range of accuracy and precision in
measurement instruments, and also to the standard and human error in collecting results.
It may be futile to begin to quantify the amount of uncertainty in the results, because
some of the error is not defined and also may result in a range of uncertainty that is unac-
ceptable. However, experiments such as these seem to have “unreasonable effectiveness”
in determining stratigraphic and geomorphic processes, and as such can be very useful
(Paola, 2009).
Future work could be conducted to further explore the nature of HEBs. We suggest
a continuation of the present experiments with similar concentration ranges, but with
variable slurry inflow rates. Inflow rates greater than those used to date would increase
the flow Reynolds number to the range that is considered turbulent flow and turbulence
enhanced transitional flow. Alternatively inflow rates reduced from the present work
would decrease the flow Reynolds number to a range closer to quasi-laminar plug flow
(Baas et al. 2009). We believe the more turbulent range and more laminar range of flows
should be explored more because they are not extensively studied in the present work and
may result in more deposits of interest, particularly HEBs. The experiments, analysis,
and results will be used in numerical models for determining possible HEB locations,
structures, etc.
There is a type of transitional flow known as co-genetic sediment density flows that
may should be explored. Co-genetic flows are interpreted to produce linked turbidite-
debrite type HEB deposits (Sohn, 2000; Amy, 2009; Haughton, 2009). Experiments may
include runs that begin with some input slurry sediment concentration of kaolin and silica
and at some instance adding large volumes of either silica or kaolin during the flow. The
result may form deposits with signatures of linked turbidite-debrite and may represent
multiple slump or sidewall failures that may occur in nature during the flow events.
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Instead of changing input parameters for each run, future runs may involve setting the
same parameters for multiple runs while allowing the bed to evolve. We hypothesize that
this may result in a general sequence of deposits corresponding to turbidites overlain by
those of HEBs, and then those of debrites as the evolving bed interacts with the density
underflows. This sequence is described in many field examples including regions of the
Wilcox formation and is interpreted to be due to progradation of the deposits.
The experiments and analysis conducted here were focused on the flow properties
of transitional regime density currents and the resulting argillaceous type HEB deposits.
The slope and slope break in the current project do not allow for the flow to transform in
a way to emplace measurable linked-deposits. For the experiments a surrogate for linked-
debrite or linked-turbidite may be present, but not with enough depositional thicknesses
to allow characterization. Research on co-genetic flows may also include further explo-
ration of more rapidly changing flow regimes. We suggest further deceleration by way of
slope break, the presence of a downstream confinement so as to produce a flow backup,
or the transformation from a confined channel to an unconfined basin; all of which may
cause downstream changes in the flow Reynolds number in such a way as to produce
linked-deposits (Haughton, 2009).
51
7 Figures for Section Discussion and Direction
This section includes only the figures that are referenced in Section 6 ’Discussion and Di-
rection’. Other figures may be found in separate sections following the sections in which
they are referenced.
Figure 36: Plot of the data for all runs and locations with Reynolds number Re and
the corresponding argillaceous content Ac. Only a weak correlation may exist, but the
deposits with the greatest argillaceous content occur with flows with the greatest Reynolds
numbers in the experiments.
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Figure 37: Plot of the data for all runs and locations of dimensionless thickness of deposits
H∗ and their corresponding argillaceous content. Lines show the trend for data resulting
from runs where inflow slurry concentrations were less than or equal to 10% b.v., between
10% b.v. and 15% b.v., and greater than or equal to 15% b.v. from bottom to top
respectively
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Figure 38: Plot of the data for all runs and locations of flux-averaged sediment concen-
tration C in the flow locations and the corresponding argillaceous thickness AcH
∗ of the
deposits. Line shows the overall trend in the data. Data points from runs where the
kaolin concentration of the inflow slurry was greater than or equal to 15% b.v. are all
encircled.
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Figure 39: Plot of the data for all runs and locations of sediment concentration of kaolin
in the inflow slurry Ko and the corresponding argillaceous thickness AcH
∗ of the deposits.
Linear trend line shows the positive correlation.
Figure 40: Plot for all locations for runs with non-zero kaolin inflow with data of argilla-
ceous content Ac and kaolin content Kc of the deposits. Power-law trend line shows the
very weak correlation.
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Appendix A
function [x,t,DopplerVel,AmplData] = uvp_reader(filename)
% reads UVP files
% DopplerVel: Velocity in mm/s
% AmplData: Dimensionless Echo Amplitude sampled into a 14 Bits +/-2.5V AD
% converter (8’191=2.5V; -8’192=-2.5V)
% x: distance from the sensor in m
% t: time in seconds
% SampleTime: Sampling time in mili seconds
% CycleDelay: Tyme delay between cycles
% nChannels: number of channels in a profile
% nProf: number of profiles
% Blocks: Number of blocks=number of sensors * NumberOfCycles
% VelRange: Absolute value of the velocity range
% MinVel: Minimum velocity
% MaxVel: Maximum velocity
% Note: if the values reported in the DopplerVel vector are outside the
% {MinVel MaxVel} interval these values should be discarded.
% Gain Start: Gain factor at the sensor (see pg 3.14 of the uvp manual)
% GainEnd: Gain factor at MaxDepth
%% ---------------START---------------
fid = fopen(filename);
%File Header:
fread(fid,64,’char’);
fread(fid,1,’int64’);
% Number of profiles
nProf = fread(fid,1,’int32’);
fread(fid,1,’int32’);
% Record amplitud
flags = fread(fid,1,’int32’);
fread(fid,1,’int32’);
% Number of channels
nChannels = fread(fid,1,’int32’);
fread(fid,1,’int32’);
fread(fid,1,’int64’);
%% ---------------PROFILES---------------
DopplerData = zeros(nChannels,nProf);
AmplData = zeros(nChannels,nProf);
profileTime = zeros(1,nProf);
for j=1:nProf
fread(fid,1,’int32’);
fread(fid,1,’int32’);
profileTime(j) = fread(fid,1,’int64’);
DopplerData(1:nChannels,j) = fread(fid,nChannels,’int16’);
if flags == 1
AmplData(1:nChannels,j)=fread(fid,nChannels,’int16’);
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end
end
fgetl(fid);
%% ---------------PREPROCESSING---------------
% frequency of the sensor used:
Frequency = fscanf(fid,’Frequency=%i \n’);
% distance from the sensor to the first channel recorded in mm
StartChannel = fscanf(fid,’StartChannel=%g \n’);
% distance between channels in mm
ChannelDistance = fscanf(fid,’ChannelDistance=%g \n’);
% chanel width in mm, if overlap =0% is equal to channel distance
fscanf(fid,’Width=%g \n’);
% Maximum distance from the sensor that will be recorded in mm
MaxDepth = fscanf(fid,’MaximumDepth=%g \n’);
% Sound speed in m/s:
SoundSpeed = fscanf(fid,’SoundSpeed=%i \n’);
% Angle in deg if using one sensor
Angle = fscanf(fid,’Angle=%g \n’);
% Gain factor at the sensor (see pg 3.14 of the uvp manual)
fscanf(fid,’GainStart=%i \n’);
% Gain factor at MaxDepth
fscanf(fid,’End=%i \n’);
% US voltage aplied to the transducer in V
fscanf(fid,’Voltage=%i \n’);
% Repetitions (default=32 )
fscanf(fid,’Iterations=%i \n’);
% Noise level filter (default=4)
fscanf(fid,’NoiseLevel=%i \n’);
% Number of wave lengths in and emited pulse (See pg 5.37 of the uvp manual)
fscanf(fid,’CyclesPerPulse=%i \n’);
% same as nChannels
fscanf(fid,’TriggerMode=%i \n’);
fscanf(fid,’Name=%s \n’);
fscanf(fid,’ProfileLength=%i \n’);
% number of profiles per block
fscanf(fid,’sPerBlock=%i \n’);
% Number of blocks=number of sensors * NumberOfCycles
fscanf(fid,’Blocks=%i \n’);
% same as flags
fscanf(fid,’AmplitudeStored=%i \n’);
% same as flags
fscanf(fid,’DoNotStoreDoppler=%i \n’);
% Minimum possible value of raw data
fscanf(fid,’RawDataMin=%i \n’);
% Maximum possible value of raw data
fscanf(fid,’ax=%i \n’);
% RawDataMax-RawDataMin
RawDataRange = fscanf(fid,’RawDataRange=%i \n’);
% Minimum possible value of amplitude data
fscanf(fid,’AmplDataMin=%i \n’);
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% Maximum possible value of amplitude data
fscanf(fid,’ax=%i \n’);
% -1=Negative range, 0=symetric range, 1=positive range
fscanf(fid,’VelocityInterpretingMode=%i \n’);
% 0= Minimum sampling time, 1=user defined
fscanf(fid,’UserSampleTime=%i \n’);
% Sample time inside a block
fscanf(fid,’SampleTime=%i \n’);
% 1=use multiplexer, 0=do not use multiplexer
fscanf(fid,’UseMultiplexer=%i \n’);
% 1=flowmaping option on, 0=off
fscanf(fid,’FlowMapping=%i \n’);
% First channel recorded
fscanf(fid,’irstValidChannel=%i \n’);
% Last channel recorded
fscanf(fid,’LastValidChannel=%i \n’);
% 0=Paralel, 1=Circular (see pg 5.30)
fscanf(fid,’FlowRateType=%i \n’);
% See pg 5.25
fscanf(fid,’PeriodEnhOffset=%i \n’);
% See pg 5.25
fscanf(fid,’Period=%i \n’);
% See pg 5.25
fscanf(fid,’EnhNCycles=%i \n’);
%Multiplexer Parameters
fgetl(fid);
fgetl(fid);
fgetl(fid);
% Number of cycles
fscanf(fid,’NumberOfCycles=%i \n’);
% delay between cycles
fscanf(fid,’CycleDelay=%i \n’);
fscanf(fid,’Version=%i \n’);
fclose(fid);
%% ---------------PROCESSING---------------
% See pg 3.9 of the uvp manual
VelRange = (SoundSpeed^2)/(4*Frequency*MaxDepth/1000);
% Velocity in mm/s
DopplerVel = DopplerData.*VelRange.*1000./(RawDataRange*sin(Angle*pi/180));
% x: distance from the sensor in m
x = ((0:nChannels-1).*ChannelDistance + StartChannel)’;
% t: time in seconds
t = profileTime.*1e-7;
% loads file under specified name and runs functions
filename = ’run0001.mfprof’;
[x,t,DopplerVel,AmplData] = uvp_reader(filename);
% end of code
63
Appendix B
All of the data from measurements are given below. The ‘Run ID’ column lists the name
given to each experimental run; these are used to organize the runs. The column ‘UVPfile’
indicates the name given to each measurement file from the UVP during each run. The
‘Location’ column identifies where along the flume the corresponding measurements were
taken. The ‘H(cm)’ column gives the thickness of the resulting deposit from that run in
centimeters. The ‘L(cm)’ column gives the location of the measurements as a distance
from the inlet diffuser at the upstream end. The ‘Kc%’ column gives the found percent of
the total grains that is kaolin grains as specified in Eq. 12. The ‘Ac%’ columns give the
relative percentage of fine grains as specified in Eq. 11 found within the corresponding
deposit. The ‘U (m/s)’ column are the results of the layer-averaged velocity for each
location in meters per second. The ‘C(m3/m3)’ column are the results of the flux-averaged
volumetric concentration found for the flow at each location. The ‘Co(m
3/m3)’ column
are the volumetric concentration of the inflow for each run. Lastly, the ‘Re#’ and ‘Fr#’
column respectively are the resulting Reynolds number and densimetric Froude number
for the density currents as computed from Eq. 1 and Eq. 6, respectively.
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